Introduction
============

Prions are self-templating protein assemblies. Originally identified as agents of infectious neurological diseases,[@R1] prions are increasingly found to have diverse non-pathogenic roles. In the budding yeast, *Saccharomyces cerevisiae,* some proteins form prions with a wide range of phenotypic consequences, suggesting that these prions function to promote phenotypic diversity and expedite adaptive evolution.[@R2] For other proteins, prion formation may stem from a broader capacity for molecular self-recognition that underlies their normal cellular activities. In mammals, prion-like molecular switches propagate the antiviral innate immune response;[@R3] in flies, they facilitate long-term memory formation.[@R4]

Prion formation is driven by modular and transferrable prion-forming domains (PrDs).[@R5]^,^[@R6] Yeast PrDs are highly enriched for glutamines (Qs) and asparagines (Ns), but also contain well-spaced aromatic or hydrophobic residues.[@R7] Together these features allow a prion protein to populate a "native" ensemble of soluble, disordered conformations.[@R8] On rare occasion, the prion protein undergoes a dramatic conformational rearrangement to produce a β-sheet-rich prion conformer, which then templates other soluble species to the same conformation. The result is a highly stable self-templating polymer, or amyloid fibril, composed of individual prion-protein subunits.[@R9]

Prions can also stimulate other proteins to switch to their own prion states. The \[*RNQ*+\] prion, formed by the Q/N-rich protein Rnq1, cross-templates other Q/N-rich proteins. In at least one case, this activity is required for prion conversion de novo. Once formed, the new prions go on to propagate by themselves and no longer require \[*RNQ*+\].

Another factor, the protein disaggregase Hsp104, promotes prion formation in a different way. Hsp104 fragments amyloid fibers into small transmissible pieces that enable prions to be faithfully partitioned from mother cell to daughter over hundreds of cell divisions.[@R10]^,^[@R11] This unique biochemical activity is critically required for the inheritance of most yeast prions.[@R5]

At least seven yeast proteins are known to form prions.[@R5]^,^[@R12]^-^[@R14] An additional 18 proteins contain experimentally verified prion-forming domains (PrDs), and as many as 200 have sequence characteristics of prions.[@R5]^,^[@R15] Among the latter are multiple subunits of the yeast nuclear pore complex (nups; NPC). The NPC is a supramolecular pore structure that gates all macromolecular exchange between the cytoplasm and nucleus.[@R16]^,^[@R17] A subset of nups feature large intrinsically-disordered domains with numerous, repeated phenylalanine-glycine (FG) motifs that are interspersed with Q/N-rich segments ([Fig. 1A](#F1){ref-type="fig"}).[@R5]^,^[@R15]^,^[@R18]^-^[@R20] Hydrophobic interactions between FG motifs appear necessary to establish the NPC's size-selective protein diffusion barrier[@R21]^,^[@R22] and to form a central structural feature in the NPC conduit known as the transporter.[@R23]^,^[@R24] FG motifs also serve as necessary docking sites for karyopherins as they shuttle across the NPC during nucleocytoplasmic trafficking.[@R25]

![**Figure 1.** GLFG nucleoporins form prion-like aggregates. (A) Diagram of the NPC and of intrinsically-disordered GLFG nups populating its conduit. Each GLFG nup is shown as a purple rectangle (N-terminus at left) and the location of FG motifs is indicated by vertical ovals. GLFG motifs are yellow, FxFG red, SPFG dark green, FxFx light gray, SAFG dark blue, PSFG bright green, NxFG light blue, SLFG orange, xxFG white, and FxxFG lime green. The red brackets below each nup highlight the center of Q/N rich regions larger than 100 AA featuring ≥ 30% Q/N content within 80 consecutive AAs. The horizontal gray rectangle in each nup marks its known or presumed NPC anchor domain.[@R57] (B) Intracellular aggregation of Q/N-rich regions of GLFG nups. Q/N-rich regions of Nup116, Nup57, Nup49 and Nup100 were overexpressed as CFP fusions in WT and *hsp104Δ* yeast from a constitutive ADH1 promoter. The percentage of cells (n \> 400) with fluorescent Nup-CFP aggregates is indicated; standard deviation is from two independent experiments. (C) \[*RNQ*+\]-dependence of Nup100^201--400^ aggregation. Nup100^201--400^-CFP was overexpressed as in (B) in \[*RNQ*+\] cells and in cells converted to \[*rnq-*\] by deletion of *HSP104* (*hsp104Δ*); by deletion of *RNQ1* (*rnq1Δ*); or by treatment with 5 mM GdnHCl.](prio-6-391-g1){#F1}

Various FG nups can form hydrogels in vitro that recapitulate aspects of the NPC permeability barrier.[@R21]^,^[@R26]^,^[@R27] These macroscopic hydrogels contain amyloid-like interactions between nups, suggesting a structural role for prion-like self-assembly mediated by the putative prion-forming domains of FG nups.[@R28] Whether nanoscopic amyloids or hydrogels also exist at the NPC remains to be seen.

We previously found that a subset of FG nups---those bearing glycine-leucine-phenylalanine-glycine (GLFG) repeats---formed two different types of cytosolic foci when overexpressed as fluorescent fusions without their NPC-tether domains. The biophysical properties of one type of foci, which we characterized in detail, suggested that they are structurally related to the NPC transporter.[@R22]^,^[@R23] They formed in the absence of the prion-inducing factor \[*RNQ*+\] (i.e., in 5 mM guanidine-hydrochloride 'cured' yeast) and were instantly and reversibly dispersed by exposure to 5% alcohols such as 1,6-hexanediol and ethanol.[@R22] Thus, they were not amyloid/prion-like because amyloids are generally resistant to dispersion by alcohol. Moreover, while amyloid formation by most proteins is facilitated by \[*RNQ*+\],[@R29] non-amyloid foci typically form independently of \[*RNQ*+\].[@R30]^,^[@R31] In contrast, when the same Q/N-rich GLFG domains were overexpressed in wild type yeast containing \[*RNQ*+\], they formed highly-stable, prion-like, amyloid aggregates.[@R5] Here, we focus on the amyloid forming properties of these proteins and undertake a detailed investigation of the sequence features that govern amyloid, and indeed, prion formation by one GLFG nup in particular, Nup100.

Results
=======

GLFG domains form prion-like aggregates
---------------------------------------

The *S. cerevisiae* GLFG nups contain one or more amino acid regions with a high density of Q/N residues similar to those found in yeast prion-forming proteins ([Fig. 1A](#F1){ref-type="fig"}).[@R5]^,^[@R15]^,^[@R18] To determine their capability for prion-like aggregation, we overexpressed the Q/N-rich regions in wild type \[*RNQ*+\] yeast as cyan-fluorescent protein (CFP)-fusions. All of them coalesced into bright cytoplasmic foci ([Fig. 1B](#F1){ref-type="fig"}, top panel). The region of Nup100 with the highest propensity to form foci Nup100^201--400^ also contained a high Q/N content.

To determine if the observed nup aggregation required the prion partitioning factor Hsp104, the same nups were overexpressed in *hsp104∆* cells. Foci did not form ([Fig. 1B](#F1){ref-type="fig"}, bottom panel). These cells also would have lacked the prion inducing factor \[*RNQ*+\], which requires Hsp104 for its presence. To test specifically for dependence on \[*RNQ*+\], we eliminated it by transiently disrupting Hsp104 activity with 5 mM guanidine hydrochloride (GdnHCl), a chemical inhibitor of Hsp104.[@R32]^,^[@R33] We then re-examined the cells for nup aggregation upon restoration of Hsp104 activity. As shown here for Nup100^201--400^ ([Fig. 1C](#F1){ref-type="fig"}), the CFP-nup foci did not form in these cells, demonstrating their strong dependence on pre-existing \[*RNQ*+\]. The nup fragments used here (\~100--200 AAs long) also did not form the alcohol-dispersible foci characterized by Patel et al. This was consistent with our demonstration that there is a nup size-dependent threshold (\> 240 AA) for the formation of the alcohol-dispersible, NPC-like foci in yeast.[@R22]

The faithful replication of prions in the crowded cellular milieu requires a high degree of sequence specificity. On the other hand, GLFG nups interact promiscuously with one another via their cohesive FG motifs.[@R22] To examine the cellular effects of nup amyloids in the cytosol, we characterized the ability of Nup100^201--400^ aggregates to mislocalize other GLFG nups. First, we asked if the cytoplasmic foci containing overexpressed Nup100^201--400^ could recruit any of the yeast GLFG nups expressed from their endogenous loci. To track their localization, some were tagged with GFP via gene fusion at their chromosomal loci and their localization was examined by fluorescence microscopy. In the absence of Nup100^201--400^ overexpression, the GLFG nups were distributed exclusively around the nuclear rim ([**Fig. S1**](#SUP2){ref-type="supplementary-material"}), as expected for components of the NPC. In contrast, when Nup100^201--400^ was overexpressed, the GLFG nups also mislocalized to cytoplasmic foci ([Fig. 2A](#F2){ref-type="fig"}). Overexpression of Nup100^201--400^ caused Nup100-GFP to form foci in 30% of cells; Nup116-GFP to form foci in 13% of cells, and Nup49-GFP to form foci in 6% of cells. In contrast, the localization of Nup2-GFP, which lacks GLFG motifs and a Q/N-rich region, was unaffected by Nup100^201--400^ overexpression ([Fig. 2A](#F2){ref-type="fig"}).

![**Figure 2.** The prion-like region of Nup100 forms insoluble aggregates that sequester endogenous GLFG nups. (A) Mislocalization of endogenous nups by overexpressed Nup100^201--400^. Yeast containing a chromosomal fusion of Nup100, Nup116, Nup49 or Nup2 with GFP were transformed with a plasmid that overexpresses Nup100^201--400^. The percent of cells with cytoplasmic nup aggregates (n \> 400) is shown below the pictures. Standard deviation (± ) is from two independent experiments. The arrowheads point to cytoplasmic nup aggregates in cells, next to the more typical nuclear rim fluorescence pattern of the nup (B) Aggregation of endogenous nups induced by overexpressed Nup100^201--400^. \[*rnq-*\] and \[*RNQ*+\] cells overexpressing Nup100^201--400^-CFP were lysed and cleared of unbroken cells by centrifugation at 2,000 x g. The low speed supernatant fraction (T) was fractionated further at 12,000 x g into medium speed supernatant (MSS) and pellet (MSP) fractions. Proteins in each fraction were resolved by SDS-PAGE, and the presence of Nup100^201--400^-CFP, Gsp1 and endogenous GLFG nups were detected by western blotting with anti-GFP, anti-Gsp1, or anti-GLFG nup antibodies. The black dots on the gel frames mark the position of 116, 97 and 68 kDa molecular weight markers.](prio-6-391-g2){#F2}

In a complementary analysis, Nup100^201--400^ was overexpressed in cells and the aggregation of untagged endogenous nups was assessed by their insolubility. Yeast lysates were separated into soluble (supernatant) and insoluble (pellet) fractions by centrifugation at 13,000 x g. Proteins were then resolved by SDS-PAGE and processed by western blot analysis using anti-GLFG nup antibodies. As expected, endogenous GLFG nups and overexpressed Nup100^201--400^-CFP were soluble in \[*rnq-*\] cell extracts. However, in \[*RNQ*+\] extracts they were also detected in the insoluble fraction together with overexpressed Nup100^201--400^-CFP ([Fig. 2B](#F2){ref-type="fig"}). Combined the results showed that endogenous GLFG nups can be recruited and mislocalized to cytosolic amyloids formed by an overexpressed GLFG domain.

A GLFG domain forms amyloids in vitro
-------------------------------------

A definitive biochemical characteristic of yeast prion proteins is an intrinsic capacity to form self-templating amyloids via nucleated conformational conversion.[@R5]^,^[@R34] The region of Nup100 with the highest similarity to yeast prions is AA 300--400, which we designate as Nup100f. It has 38% Q/N residues and contains seven FG repeats (of mostly GLFG motifs) ([Fig. 3A](#F3){ref-type="fig"}). To examine the amyloid-forming propensity of this Nup100 fragment in vitro, bacterially expressed His-tagged Nup100f was purified under denaturing conditions followed by dilution into a physiological buffer. Amyloid assembly was monitored using thioflavin-T (ThT), which is an amyloid-specific dye that changes fluorescence properties upon binding to amyloid structures, without affecting the kinetics of amyloid formation. After four hours of incubation under continuous agitation, ThT fluorescence began to increase exponentially with kinetics similar to other well-characterized amyloid forming proteins ([Fig. 3B](#F3){ref-type="fig"}, right panel, no seeds).

![**Figure 3.** Nup100f forms amyloids under physiological conditions. (A) AA sequence of Nup100f. FG motifs are highlighted in bold text; Q/N residues are underlined. (B) Kinetics of Nup100f amyloid formation in vitro. Left panel: Nup100f-Trp-7xHis (WT) was diluted from denaturant to 20 μM in assembly buffer. The reaction was incubated at 30°C with agitation, in the absence or presence of 5% pre-formed aggregate seed. Amyloid assembly was monitored by ThT fluorescence. Data represent means ± SEM from three reactions. Right panel: The indicated Nup100f-Trp-7xHis variants were assembled in the absence of pre-formed fiber seeds. (C) Ultrastructure of WT Nup100f amyloids. Seeded amyloids formed as in (B) were negatively stained with uranyl acetate and examined by transmission electron microscope. Scale bar, 200 nm.](prio-6-391-g3){#F3}

Although de novo amyloid nucleation by prion proteins is slow, once formed amyloids can rapidly template the conformational conversion of additional soluble prion protein into the amyloid state.[@R34] In vivo, these properties allow prion proteins to exist either as soluble non-prion conformers, or as self-templating prion conformers. To determine if Nup100f amyloids have self-templating capacity, we added a small quantity of pre-assembled Nup100f amyloids (5% w/w) to de novo amyloid assembly reactions. Indeed, the lag phase to amyloid formation was eliminated ([Fig. 3B](#F3){ref-type="fig"}). When examined under the electron microscope, the Nup100f aggregates had classic fibrillar amyloid morphology ([Fig. 3C](#F3){ref-type="fig"}), similar to other prions assembled in vitro.

To investigate the amyloid-forming properties of Nup100f in its normal context of a much larger GLFG domain, we utilized a region of the protein comprising AA 1--595, almost the entire GLFG domain ([Fig. 1A](#F1){ref-type="fig"}). The protein was expressed, purified, and analyzed under the same conditions used for Nup100f. As expected from previous observations,[@R5] it too formed amyloids, although with substantially-delayed kinetics (\> 12 h; not shown) relative to the smaller fragment. The resulting Nup100^1--595^ amyloids effectively templated the polymerization of freshly diluted protein ([**Fig. S2**](#SUP2){ref-type="supplementary-material"}).

GLFG motifs drive amyloid aggregation
-------------------------------------

Along with an enrichment for Q and N residues, prion domains feature additional AA sequence determinants that are required for efficient propagation in yeast.[@R5] Recent evidence points to a role for aromatic and hydrophobic residues.[@R7]^,^[@R35] The aggregation-prone domains of yeast FG nups do contain aromatic and hydrophobic residues in the form of GLFG motifs ([Figs. 1B](#F1){ref-type="fig"} and [3A](#F3){ref-type="fig"}).[@R22] To identify sequence determinants that contribute to nup amyloid formation, we generated Nup100f variants with reduced Q/N-richness (all glutamines replaced with serine; Q \> S) or with disrupted GLFG repeats (L \> A, f \> A, or f \> W substitutions). These were expressed, purified, and tested for amyloid formation under the same conditions used for WT Nup100f. Similarly to WT, the hydrophobic f \> W mutant exhibited ThT fluorescence after a short lag phase (\~1--4 h) ([Fig. 3B](#F3){ref-type="fig"}, left panel). In contrast, the onset of ThT fluorescence by the f \> A, L \> A, and Q \> S mutants was severely delayed and required lengthy incubations (\> 12 h) to form amyloid (right panel). We concluded that both the Q/N-richness and the presence of hydrophobic/aromatic residues in GLFG repeats contribute strongly to the amyloidogenicity of Nup100f.

Amyloid formation is a multistep process involving the association of disordered monomers into oligomers, the conversion of oligomers into amyloidogenic nuclei, and the templating of soluble protein onto those nuclei.[@R11]^,^[@R34]^,^[@R36] The GLFG motifs could potentially exert their influence at any of these steps. To investigate the amyloid templating step specifically, we obtained amyloids of all of the purified Nup100f WT and variants, and used them to seed the polymerization of freshly-diluted proteins. Each readily polymerized off of amyloids of the same sequence ([Fig. 3B](#F3){ref-type="fig"}, left panel; [**Fig. S3**](#SUP2){ref-type="supplementary-material"}). In the presence of preformed amyloids of different sequence, however, each variant behaved differently. Soluble proteins with intact GLFG motifs (WT) or with the f \> W substitution were promiscuous---they readily polymerized onto amyloids formed by other variants. In contrast, soluble proteins with disrupted GLFG motifs (L \> A and f \> A) were more sequence-specific and only polymerized inefficiently onto heterotypic templates. The Q \> S mutation had a more modest effect on heterotypic templating. Together, these data suggest that the GLFG repeats primarily influence the templating competency of the soluble protein species, rather than of the amyloids themselves, perhaps through hydrophobic attractions between the repeats of the soluble protein and those on the amyloid surface.

GLFG motifs drive prion formation
---------------------------------

Next we asked if the amyloid-forming properties of Nup100f allow it to form self-perpetuating states in vivo. For this test we created a chimeric prion reporter consisting of Nup100f fused to the non-prion domain of Sup35, which carries out its translation termination function ([Fig. 4A](#F4){ref-type="fig"}). Sequestration of this domain via prion-driven aggregation of Sup35 causes a nonsense-suppression phenotype detected by adenine prototrophy and by the emergence of white-colored colonies from previously red-colored yeast carrying a nonsense mutation in *ADE1*.[@R10] When endogenous Sup35 was replaced with the Nup100f-Sup35C chimera, it recapitulated the heritable phenotypic switch associated with the WT Sup35 prion: cells from red colonies spontaneously gave rise to white colonies upon restreaking ([Fig. 4B](#F4){ref-type="fig"}). Thus, following standard prion nomenclature we will refer to the state of the Nup100f-Sup35C chimera associated with the white phenotype as \[*100F*+\]; and the original, non-prion state as \[*100f-*\].

![**Figure 4.** Nup100f is a prion-forming domain. (A) Schematic of the phenotypic reporter used to detect Nup100PrD-Sup35C prions. When WT Sup35 forms prion aggregates, it is sequestered away from its role in translation termination, causing a stop codon read-through phenotype that converts cells from red \[*psi*-\] to white \[*PSI*+\] (not shown). The Sup35PrD can be substituted for the Nup100PrD, resulting in a fully functional chimeric protein that recapitulates both the red (\[*100f-*\]) and white (\[*100F*+\]) states (shown). (B) Frequency of spontaneous and induced appearance of \[*100F*+\] in cells. WT or variant \[*100f-*\] \[*RNQ*+\] cells containing a galactose-inducible version of the respective Nup100f-EYFP were grown overnight in either glucose- or galactose-containing media, followed by plating to YPD to assess the appearance of white or pink \[*100F*+\] colonies. Red colonies derive from cells that remain \[*100f-*\]. (C) Hsp104-dependence of \[*100F*+\] variants. WT and variant \[*100f-*\] strains were spotted onto YPD (top row). The corresponding \[*100F*+\] strains before and after GdnHCl treatment were spotted below. (D) Detection of SDS-resistant aggregates of Nup100f-Sup35C in lysates of prion-containing cells. Variant \[*100f-*\] and \[*100F*+\] cells in both \[*rnq*-\] and \[*RNQ*+\] strains were analyzed by SDD-AGE. The 100f-Sup35C fusion proteins were detected with anti-Sup35C antibodies. The color phenotype of the corresponding strains grown on YPD is shown above the SDD-AGE blots.](prio-6-391-g4){#F4}

The presence of \[*RNQ*+\] prions in cells stimulates other cellular proteins (such as Sup35) to form prions, but its presence becomes unnecessary for their subsequent propagation. \[*100F*+\] showed similar characteristics. Its appearance required \[*RNQ*+\] ([Fig. 4D](#F4){ref-type="fig"}), and when \[*RNQ*+\] was eliminated by deletion of the *RNQ1* gene, the white phenotype persisted. This demonstrated the continued presence of \[*100F*+\], despite the absence of \[*RNQ*+\] ([**Fig. S4**](#SUP2){ref-type="supplementary-material"}).

Next we examined the contributions of Q/N-richness and GLFG motifs on prion formation by Nup100f. \[*RNQ*+\] strains bearing the Nup100f-Sup35 chimeric constructs were plated directly onto adenine-deficient media to examine spontaneous switching to the \[*100F*+\] state. Wild-type and f \> W chimeras converted to \[*100F*+\] at a high frequency, the L \> A at a slightly-lower frequency, and the f \> A and Q \> S at a drastically-reduced frequency ([Fig. 4B](#F4){ref-type="fig"}). As with other amyloid-based yeast prions, all of the \[*100F*+\] variants should require the continuous activity of Hsp104 for propagation. To test this, Hsp104 activity was transiently repressed by growing cells on 5 mM GdnHCl followed by restreaking on normal media. The resulting colonies were red in color ([Fig. 4C](#F4){ref-type="fig"}, bottom row) indicating a loss of \[*100F*+\] chimeric prions. Some of the cured colonies had a darker shade of red than their parent colony prior to GdnHCl-treatment and \[*100F*+\] induction. This is due to the fact that Hsp104-inhibition also eliminates the prion-inducing factor \[*RNQ*+\], resulting in a loss of the low level, spontaneous prion induction events that gave some of the original yeast a pink color.

Yeast prion amyloids are resistant to solubilization by the anionic detergent SDS.[@R5] Hence, we used semi-denaturing detergent-agarose gel electrophoresis (SDD-AGE)[@R5]^,^[@R37] to determine whether the \[*100F*+\] states coincided with the presence of SDS-resistant amyloid forms of Nup100f-Sup35C chimeras in the cell lysates. In each case, representative Ade+ colonies displayed increased amyloid formation ([Fig. 4D](#F4){ref-type="fig"}). The WT, L \> A, and f \> W variants, but not the f \> A and Q \> S variants, also exhibited detectable aggregation even in \[*100f*-\] cells that were \[*RNQ*+\], consistent with their relative efficiencies of \[*100F*+\] formation in this background. We conclude that the aromatic residues within the repeated GLFG motif strongly promote prion formation by this fragment of Nup100.

Prion formation by endogenous Nup100
------------------------------------

Can full-length nups also self-assemble into amyloids or prions? To investigate, we first examined the aggregation tendency of full-length Nup100 when overexpressed as an EGFP fusion. Fluorescence microscopy revealed that it formed multiple punctate foci in each cell ([Fig. 5A](#F5){ref-type="fig"}). However, unlike smaller regions of Nup100 (Nup100^201--400^ and Nup100f), the foci containing full-length Nup100 also formed in \[*rnq*-\] cells.

![**Figure 5.** Prion-formation by full-length Nup100. (A) Overexpressed full-length Nup100-EGFP forms foci in both \[*rnq*-\] and \[*RNQ*+\] yeast. Cells containing NUP100-EGFP on a high copy galactose-inducible plasmid were grown overnight in galactose media, and then analyzed by fluorescence microscopy. (B) Detection of Nup100-EGFP amyloids in \[*rnq*-\] and \[*RNQ*+\] cell extracts. \[*rnq-*\] or \[*RNQ*+\] yeast expressing Nup100-EGFP as in (A) were analyzed by SDD-AGE. The blot was probed with anti-GFP, revealing SDS-resistant aggregates of Nup100-EGFP in \[*RNQ*+\] cells. (C) Prion formation by an endogenous GLFG nup. Cells that either had or had not overexpressed Nup100-EGFP, but no longer contained the Nup100-EGFP overexpression plasmid, were analyzed by SDD-AGE. Note how the transient overexpression of Nup100-EGFP induced persistent amyloids of endogenous GLFG nups, and these were eliminated by passage on GdnHCl. (D) GLFG nup prion amyloids require Nup100. \[*NUP100*+\] cells were transformed with either empty vector or a linearized *NUP100* gene-deletion cassette (targeted to create Δ*nup100*). Verified transformants were analyzed by SDD-AGE as in (C). The black dots on the gel frames mark the position of 100 and 75 kDa molecular weight markers.](prio-6-391-g5){#F5}

Next, we subjected these cells to SDD-AGE and detected Nup100-EGFP using an antibody to GFP. A large fraction of Nup100-EGFP partitioned to an SDS-resistant aggregate in \[*RNQ*+\] cells, while only a small amount did so in \[*rnq*-\] cells ([Fig. 5B](#F5){ref-type="fig"}). Thus, the foci formed by overexpressed Nup100-EGFP ([Fig. 5A](#F5){ref-type="fig"}) were of two different types. Those in \[*RNQ*+\] cells were composed of amyloids, whereas those in \[*rnq*-\] cells were not. Instead, the appearance of the latter was consistent with our previous report that overexpressed GLFG domains of nups (missing the NPC anchor domains) coalesce into alcohol-dispersible foci in cells lacking \[*RNQ*+\].[@R22] Notably, the foci observed here in \[*rnq-*\] cells could also reflect homotypic interactions between the C-terminal coiled-coil domain of Nup100, which normally tethers it to the NPC.

Next, we investigated whether the amyloids of Nup100-EGFP were capable of templating endogenous Nup100 into a self-sustaining amyloid state. We allowed \[*RNQ*+\] cells to overexpress Nup100-EGFP for hundreds of generations (five passages on galactose-containing media), followed by growth on non-selective glucose media to allow loss of the Nup100-EGFP plasmid. Isolates that no longer contained the plasmid were then analyzed by SDD-AGE using an antibody against GLFG nups. Two of 12 such isolates now contained SDS-resistant high-molecular weight aggregates of the endogenous GLFG nups (one is shown in [Fig. 5C](#F5){ref-type="fig"}). Isolates from lineages that had not overexpressed Nup100-EGFP did not contain such aggregates.

As cytoplasmic epigenetic elements, yeast prions do not follow the rules of classical nucleic acid inheritance, in which 50% of progeny inherit one parental trait and 50% the other. Instead prions are dominant in matings and typically segregate to all meiotic progeny. To test for prion-like inheritance patterns, we mated the GLFG nup amyloid-containing cells to a non-amyloid containing partner, and then analyzed the resulting diploids by SDD-AGE. The diploids contained GLFG nup amyloids (not shown). We then sporulated these diploids to analyze inheritance patterns. The diploid lineages that we analyzed initially (generated from two independent amyloid-containing isolates) had very low spore viability. We did find, however, that the viable sporulants from these, when mated back to the original amyloid-free haploid, produced diploids that could themselves be sporulated to yield complete tetrads. These progeny were analyzed by SDD-AGE. Indeed, the presence of amyloids segregated in a non-Mendelian fashion. But rather than being inherited by 100% of sporulants, nup GLFG amyloids were found in only 12.5%: one sporulant in each of five tetrads and zero sporulants in another five tetrads (not shown). These sporadic inheritance patterns suggest that the GLFG nup amyloid trait is indeed caused by a prion, but one that becomes destabilized by the physiological changes accompanying sporulation.

As all known amyloid-based yeast prions require Hsp104, we temporarily inactivated Hsp104 by growing amyloid-containing cells on GdnHCl-containing media. We then re-analyzed the corresponding cell lysates by SDD-AGE, and observed that GdnHCl treatment eliminated the GLFG nup amyloids ([Fig. 5C](#F5){ref-type="fig"}). When the cells were instead passaged on media lacking GdnHCl, the amyloids were retained. This demonstrated that GLFG nup amyloids are self-propagating, Hsp104-dependent assemblies.

To verify that the protein determinant of this novel prion state is indeed Nup100, we disrupted the genomic *NUP100* ORF in an amyloid-containing isolate using a drug-resistance cassette. In parallel, we transformed cells with an empty vector bearing the same cassette. We then examined lysates from both types of transformants by SDD-AGE. Cells containing an intact copy of *NUP100* still contained GLFG nup amyloids, while those containing a deletion of the *NUP100* gene did not ([Fig. 5D](#F5){ref-type="fig"}). We conclude that the GLFG nucleoporin, Nup100, can be induced to form a prion in *S. cerevisiae*. In keeping with standard prion nomenclature, we designate its prion state as \[*NUP100*+\].

What are the consequences of nucleoporin prions? Our early attempts to detect NPC-associated phenotypes in yeast containing cytosolic nup amyloids (induced by constitutive overexpression of Nup100^201--400^) were largely unsuccessful. The yeast showed no significant growth or morphological defect, no defect in the NPC permeability barrier, no defect in Crm1-mediated export, no defect in mRNA export, and only a slight increase in the rate of nuclear import.[@R38] Given the functional redundancies of FG nups,[@R39] a lack of robust phenotypes for \[*NUP100*+\] would not be unexpected. Indeed, even genetic deletions of *NUP100* have few phenotypic consequences ([www.yeastgenome.org](http://www.yeastgenome.org)). It remains to be seen if the promiscuity of GLFG interactions ([Fig. 2](#F2){ref-type="fig"}; [**Fig S3**](#SUP2){ref-type="supplementary-material"}) will enable \[*NUP100*+\] to stimulate other GLFG nups to switch to their own prion forms.

Discussion
==========

The self-assembly of proteins has diverse cellular consequences. On the one hand, aberrant assemblies in the form of protein aggregates are often toxic and have driven the evolution of numerous protein folding quality-control mechanisms. On the other hand, a growing number of examples demonstrate that cells can also take advantage of protein aggregation.[@R3]^,^[@R4]^,^[@R40]^,^[@R41]

In vitro, FG nups form self-assembling, gel-like matrices that have characteristics of amyloids;[@R26]^,^[@R28] hence it was proposed that such amyloid-like structures are key elements of NPC function. Our findings here point to a different interpretation, namely, that FG domains in hydrogels reproduce the structure that FG domains adopt within cytosolic amyloids, rather than the structure they adopt natively at NPCs. This alternate hypothesis is based on two observations. First, the laboratory strains we examined here (derivatives of S288C, W303 and 74D-694) contained only trace amounts of putative GLFG nup amyloids as revealed by long exposures of SDD-AGE blots (not shown). In contrast, if the FG nups formed amyloid-like assemblies at the NPC, we would have expected them to be mostly SDS-insoluble. Second, given the extraordinary sensitivity of prion protein aggregation to the presence of pre-existing homotypic amyloids,[@R42]^,^[@R43] one might have expected that overexpressed GLFG nups would readily form amyloids if the cells had naturally contained amyloids of the endogenous nups. Instead, overexpressed GLFG nups could only form amyloids in the presence of \[*RNQ*+\] prions, indicating that homotypic templates were not available in the cells. It remains possible, however, that GLFG nups at NPCs and in hydrogels form transient and highly localized amyloid-like interactions that may assist in their functions.[@R28]

Nup amyloid formation was strongly promoted by GLFG motifs -- the same AA sequence feature whose cohesive nature establishes the selective permeability barrier of the yeast NPC.[@R22]^,^[@R39] Here we showed that the GLFG motifs greatly accelerated de novo amyloid formation as well as promiscuous recruitment of nups onto heterotypic templates, whereas the homotypic elongation of pre-existing amyloids was not noticeably affected by the motifs. Hence, the role of GLFG motifs in promoting amyloid formation could be fully explained by their previously-characterized cohesiveness. In the context of our experiments, the GLFG motif-driven interaction between nups likely promoted the formation of the oligomers that precede amyloid nucleation de novo. But in the confined geometry of the yeast NPC, such pre-amyloid interactions may rarely, if ever, mature into amyloid. This is because heterologous FG nups (up to 11 in *S. cerevisiae*) are confined to a limited space, stoichiometry and orientation.[@R23]^,^[@R44]

The effect of GLFG repeats on amyloid and prion formation by Nup100 is consistent with the effect of aromatic and hydrophobic residues in other prion proteins. Aromatic-containing oligopeptide repeats occur frequently in prion proteins, including Sup35, New1, and the mammalian prion PrP, and in all cases have been shown to increase the frequencies of prion formation.[@R45]^-^[@R48] In the Sup35 prion domain, aromatics play a decisive role in the formation of oligomeric amyloid nuclei.[@R49] A recent comprehensive sequence analysis of yeast prions concluded that prion formation is directed by a compositional balance between aromatic/hydrophobic residues and disorder promoting residues like Q and N.[@R7]

Lastly, it is interesting that the repertoire of GLFG nups in yeast is 5-fold larger and much more Q/N-rich than that of humans, which only contain one type of GLFG nup (hNup98). Importantly however, even if human FG nups shared the tendency of its yeast counterparts to aggregate in vitro, human cells lack an Hsp104 homolog, which may be necessary for the efficient renaturation of aggregated proteins.[@R50] Hence, we posit that yeast have a unique capacity to exploit the aggregation tendencies of GLFG domains of nups in two ways. At the NPC, GLFG motif interactions are utilized to form a highly-effective sieve structure; whereas in the cytoplasm, they enable the formation of amyloids that can serve as benign, protein-based elements of inheritance.

Materials and Methods
=====================

Strains and plasmids
--------------------

Yeast strain BY4741 was used in most analyses; derivatives of YRS100 were used for nonsense suppression assays.[@R5] All these strains initially contained the prion element \[*RNQ*+\]. Strains generated for this work are listed in [Table 1](#T1){ref-type="table"}. Chromosomal integrations of GFP and deletions of *HSP104*, *RNQ1*, and *NUP100* were accomplished by homologous recombination using PCR-based strategies.[@R51]^-^[@R54] Deletions were verified by diagnostic PCRs and immunoblots. Experiments in [Figures 1](#F1){ref-type="fig"} **and** [2](#F2){ref-type="fig"} utilized nup constructs cloned as CFP-fusions into pVT102-U, which allowed constitutive expression from an ADH1-promoter.[@R22]^,^[@R55] Other experiments utilized Gateway® plasmids. Stopless entry clones for *NUP100* and *NUP100f* were generated by PCR and recombination of the PCR products into pDONR221 as described previously.[@R5] Sequence-verified entry clones were then recombined into pAG415ADH-ccdB-SUP35C for heritable nonsense suppression assays; pAG424Gal-ccdB-EYFP for prion induction assays; pAG426Gal-ccdB-EGFP for aggregation analyses of full-length Nup100; and pRH1 for bacterial protein expression.[@R5]^,^[@R56] Sequences of oligos and plasmids are available upon request.

###### **Table 1.** Yeast strains generated in this study

  Name     Genotype and plasmotype                                                                                                                     Construction
  -------- ------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------
  YSA329   MATa, leu2--3,112; his3--11,-15; trp1--1; ura3--1; ade1--14; can1--100; \[*RNQ*+\]; sup35::HygB; pAG415ADH1-*NUP100f*-SUP35C                plasmid shuffle using YRS100[@R5]
  YSA330   MATa, leu2--3,112; his3--11,-15; trp1--1; ura3--1; ade1--14; can1--100; \[*RNQ*+\]; sup35::HygB; pAG415ADH1-*NUP100f*-SUP35C; \[*100F*+\]   YSA329, Ade+
  YRH814   MATa, leu2--3,112; his3--11,-15; trp1--1; ura3--1; ade1--14; can1--100; \[*psi-*\]; \[*RNQ*+\]; pAG426Gal-*NUP100*-EGFP                     transformation of YJW584[@R48]
  YRH821   MATa, leu2--3,112; his3--11,-15; trp1--1; ura3--1; ade1--14; can1--100; \[*psi-*\]; \[*RNQ*+\]; pAG426Gal-*NUP100*-EGFP; \[*NUP100*+\]      YRH814, grown on SGal-ura
  YRH984   MATa, leu2--3,112; his3--11,-15; trp1--1; ura3--1; ade1--14; can1--100; \[*psi-*\]; \[*RNQ*+\]; \[*NUP100*+\]                               YRH821, minus plasmid

Yeast procedures
----------------

Standard media and growth conditions were used throughout.[@R5] For prion induction of Nup100f-Sup35C chimeras, cells were grown overnight in galactose-containing media prior to plating on glucose-containing media.

Microscopy
----------

Yeast expressing fluorescent proteins were imaged live under a Nikon Eclipse 80i fluorescence microscope using a Nikon Plan Apo 100X / 1.4 aperture objective. Photos were taken using a Hamamatsu Orca ER camera and Phylum Improvision software. For transmission electron microscopy, aggregates were negatively stained with uranyl acetate and imaged with a Phillips EM410 electron microscope.

Recombinant protein purification and amyloid assembly
-----------------------------------------------------

Protein variants were expressed in *E. coli* BL21-A1 as Trp-7xHis fusions in pRH1 and purified as described previously.[@R5] Methanol-precipitated proteins were resuspended in 10--50 µl of resuspension buffer (7M GdnHCl; 100 mM K2HPO4, pH 5.0; 300 mM NaCl, 5 mM EDTA, 5 mM TCEP). Protein concentrations were determined by measuring absorption at 280 nm using calculated extinction coefficients. Protein stocks were heated for 5 min at 95°C before being diluted to 20 µM in assembly buffer (5 mM K2HPO4, pH 6.6; 150 mM NaCl; 5 mM EDTA; 2 mM TCEP) plus 0.5 mM ThT. Seeded ThT reactions included up to 10% (w/w) fibers of pre-assembled proteins that were pre-sonicated for 10 sec with probe at setting 1 on a Branson Sonifier 250 sonicator. Assembly reactions (100 µl) were performed in black nonbinding microplates (Corning Cat. No. 3650), with medium orbital-shaking at 30°C on a Tecan Sapphire II plate reader. Fluorescence measurements were taken at 450 nm excitation, 482 nm emission.

SDD-AGE
-------

Samples were lysed and processed as described previously.[@R5] A modified lysis buffer was used for the detection of endogenous Nup100, consisting of 100 mM TRIS-HCl pH8, 20 mM NaCl, 2 mM MgCl2, 50 mM β-mercapto-ethanol, 1% Triton X-100, 2% Halt protease inhibitor cocktail (Thermo Scientific, Cat. No. 87785), 30 mM N-ethyl-maleimide, and 100 U/ml Benzonase (EMD, Cat. No. 70746). Washed cell pellets were lysed by glass-bead disruption followed by removal of cell-debris by centrifugation at 2000 rcf for 2 min. Supernatants were combined with Laemmli sample buffer to achieve a concentration of 2% SDS and incubated for 5 min at room temperature prior to loading on 1.5% agarose gels containing 0.1% SDS. For [Figure 5B](#F5){ref-type="fig"}, cultures were grown overnight in glucose-containing media and then washed and resuspended in galactose-containing media for 24 h to induce the expression of Nup100-EGFP prior to cell lysis. Note that although SDD-AGE reliably detects SDS-resistant aggregates, it does not reliably detect SDS-soluble protein species.[@R30] This resulted in our inability to detect non-amyloid forms of endogenous GLFG nups by SDD-AGE (e.g., [Fig. 5C](#F5){ref-type="fig"}).
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NPC

:   nuclear pore complex

nup

:   nucleoporin

FG nup

:   nup with Phe-Gly motif repeats

GLFG nup

:   nup with Gly-Leu-Phe-Gly motif repeats

AA

:   amino acid

PrD

:   prion forming domain

Sup35C

:   the C-terminal domain of Sup35

Nup100^201-400^

:   AA 201-400 of Nup100

Nup100f

:   AA 300-400 of the Nup100

WT

:   wild type

GdnHCl

:   guanidine hydrochloride
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